Frequency domain multiplexing, using an actively damped micromechanical cantilever, is used to detect multiple force signals simultaneously. The measurement principle is applied to magnetic resonance force microscopy to allow concurrent measurement of nuclear spin signals originating from distinct regions of the sample, or from multiple spin species. © 2010 American Institute of Physics. ͓doi:10.1063/1.3304788͔
Mechanical sensors, such as microcantilevers, are often operated at their mechanical resonance frequency in order to increase the signal amplitude and thermomechanical noise above the transduction and amplifier noise of the system. The benefit relies on having a mechanical resonance with a high quality factor Q. Unfortunately, the high quality factor can lead to an undesirably narrow intrinsic bandwidth. A much wider detection bandwidth can be recovered without degrading the noise performance by damping the mechanical oscillator using active feedback control. 1, 2 Depending on the intrinsic Q and the baseline detection noise level, the resulting bandwidth over which the noise performance is close to the thermal limit can be many times wider than the intrinsic oscillator bandwidth.
In this letter, we show that if the oscillator is operated in a linear ͑small signal͒ regime, it becomes possible to detect multiple narrow-band force signals simultaneously by frequency domain multiplexing, i.e., by putting each signal at a slightly different frequency within the bandwidth of the damped oscillator. We demonstrate this approach in the context of magnetic resonance force microscopy ͑MRFM͒.
MRFM was proposed 3 and subsequently realized 4 by combining the physics of magnetic resonance imaging with the techniques of scanning probe microscopy. The MRFM implementation employed here detects weak ͑attonewton͒ magnetic forces generated by the cyclic inversion of statistically polarized nuclear spins. 5, 6 This type of detection was recently used to demonstrate three-dimensional ͑3D͒ nuclear spin imaging of virus particles with spatial resolution better than 10 nm. 7 Because the force levels are so small, relatively long measurement times ͑tens of seconds͒ are typically required to distinguish the nuclear spin force from thermal forces. For this reason it can take several days to acquire a full 3D image with sufficient signal-to-noise ratio ͑SNR͒. 7 To improve data collection efficiency, Eberhardt et al. 8, 9 developed a spatial Hadamard encoding technique for MRFM that allows for either enhanced image acquisition rate or improved SNR. In addition, MRFM imaging methods based on Fourier encoding have been introduced. 9,10 It is unclear to what extent these methods can be used when the spin polarization is statistical, which is the case for the highest resolution MRFM imaging. 7, 11 As an alternative approach for improving data collection efficiency, we use an actively damped cantilever and frequency domain multiplexing to simultaneously detect independent sets of statistically polarized spins. Depending on the implementation, we can simultaneously measure spins at multiple sample locations or multiple nuclear species.
As shown in Fig. 1 , the MRFM experiment uses a sample-on-cantilever configuration. The test sample consists of a micrometer size CaF 2 crystal that has been epoxied onto the end of an ultrasensitive silicon cantilever 12 and coated with 30 nm of gold. Either 19 F spins of the CaF 2 sample or 1 H spins in the epoxy can be detected by using frequency modulation of an rf magnetic field to cyclically invert the nuclear magnetization. With the sample positioned near a magnetic tip, the cyclic inversions result in an oscillating magnetic force that drives a subangstrom vibration of the cantilever. The rf magnetic field is generated by a "microwire" located below the magnetic tip. 13 An external magnetic field of ϳ2.8 T from a large superconducting solenoid serves to magnetize the tip and adds to the total magnetic field. The cantilever vibration is detected by a fiber optic interferometer. a͒ Electronic mail: oosterkamp@physics.leidenuniv.nl. At a measurement temperature of 4.2 K, the sampleloaded cantilever has a resonant frequency of 2.6 kHz, spring constant k =86 N / m, and an intrinsic quality factor Q 0 = 44, 000. The Q decreases to 9000 when the cantilever approaches to within 50 nm of the magnetic tip due to noncontact friction effects and eddy currents induced in the gold coating. To further improve measurement bandwidth, the cantilever is damped using active feedback to Q eff = 310. The feedback uses analog circuitry to produce an appropriately phase-shifted signal that drives a piezoelectric transducer located near the base of the cantilever. 2 Using the principle of adiabatic rapid passage, 14 the nuclear spins are cyclically inverted by frequency modulating the rf field with frequency sweeps having peak-to-peak frequency deviation ⌬ ϳ 750-1500 kHz ͑Fig. 2 inset͒. We use multiple rf center frequencies i to address independent regions of the sample or to select between 19 F and 1 H nuclear species ͑ i ϳ 110-130 MHz͒. Associated with each rf center frequency is a distinct modulation repetition rate which serves to generate a force signal at a specific cantilever signal frequency f i ϳ 2570-2590 Hz. Since two rf frequency sweeps are required to complete one full cycle of spin inversion, the repetition rate of the modulation is set at twice the desired cantilever signal frequency. Mathematically, the rf waveform is given by B 1 ͑t͒ = ͚ i A i ͑t͒cos͓2͐ 0 t i ͑tЈ͒dtЈ͔, where A i ͑t͒ and i ͑t͒ represent rf amplitude and frequency, respectively, and are periodic functions with repetition frequency 2f i . The rf waveform is digitally synthesized at an intermediate frequency of ϳ20 MHz and upshifted to the operating frequency by mixing with a local oscillator ͑ϳ90 MHz͒. Figure 2͑a͒ shows the spectral density of the cantilever vibration ͑position noise͒ for the case of a single MRFM signal. The cyclic spin inversions result in a narrow peak in the spectral density. The spin signal, whose spectral width is inversely proportional to the rotating-frame spin lifetime m , sits atop a much broader peak due to the thermal vibrations of the damped cantilever.
The vibration spectral density can be converted to force noise spectral density by dividing the vibration spectrum by the square of the cantilever transfer function, as shown in Fig. 2͑b͒ . The smooth solid curve represents the sum of the white thermal force noise ͑dashed line͒ plus the detection noise. In terms of position, the detection noise is white, but when divided by the square of the cantilever transfer function the equivalent force noise increases quadratically away from the cantilever resonance frequency. Figure 2͑b͒ shows that a single MRFM signal consumes only a small portion of the available bandwidth.
The force noise bandwidth ͑i.e., the bandwidth over which the force noise is within 3 dB of the minimum force noise͒ is approximately 50 Hz, or almost six times wider than the transfer function bandwidth of the actively damped cantilever ͑Q eff = 310͒ and 170 times the bandwidth of the undamped cantilever ͑Q = 9000͒. This seemingly remarkable result simply reflects the fact that cantilever thermomechanical noise dominates over detection noise for frequencies well beyond the 3 dB bandwidth of the cantilever transfer function. The lower the detection noise floor, the broader the bandwidth over which the thermomechanical noise dominates. Figure 2͑c͒ demonstrates the simultaneous detection of three independent MRFM signals. Two of the signals have comparable amplitude, while the third signal, corresponding to 116 MHz rf center frequency, is smaller because it represents a resonant slice that addresses fewer spins. The slice at 116 MHz is physically located closer to the magnetic tip and barely intersects the end of the sample.
In Fig. 3 we explore the effect on a spin signal by the presence of a second rf excitation. The points show a spin signal induced by rf frequency sweeps centered about 1 = 114 MHz. Simultaneously, a second spin signal ͑not shown͒ is generated with rf frequency sweeps centered about 2 = 1 + ␦. The spin signal is found to be unaffected by the FIG. 2. ͑Color online͒ ͑a͒ Measured power spectral density of cantilever position showing narrow peak due to spin inversions on top of the broader background of thermal and measurement noise ͑smooth curve͒. ͑b͒ Spectral density in terms of equivalent force noise. Narrow peak is the spin signal. The dashed line denotes the thermal force noise while the smooth curve indicates the total system force noise. ͑c͒ Spectral density of the force as in ͑b͒, but now with three spin signals from independent sample regions driven by three simultaneous rf excitations. The inset to ͑a͒ illustrates two concurrent rf frequency sweeps centered about i and j with peak-to-peak frequency modulation ⌬. presence of the second rf excitation as long as ␦ Ͼ⌬.
As a further example of signal multiplexing, we demonstrate that two different nuclear species can be measured simultaneously. In Fig. 4 we show a magnetic resonance spectrum where the MRFM signal is measured as a function of the rf frequency. The thin line shows the result when only a single rf frequency is used. The two peaks represent the inhomogeneously broadened responses from the two nuclear species, 19 F and 1 H. The data was then retaken using two simultaneous rf excitations, represented by solid diamonds and open squares. The multiplexed data set is essentially identical to the data taken with only a single rf excitation, but needed only half the measurement time.
In conclusion, we have demonstrated the simultaneous measurement of multiple MRFM signals using a single cantilever when the effective noise bandwidth of the cantilever is larger than the spin signal bandwidth. This multiplexing capability should result in a direct improvement of the measurement time required for 3D MRFM imaging, especially for narrow-band spin signals. In the future, an even higher degree of multiplexing should be possible with improved sensing techniques, 15 which lower the detection noise relative to the thermomechanical noise, thus providing a wider effective bandwidth. We anticipate that frequency domain multiplexing could prove to be useful for other force sensing applications besides MRFM. 
